Monkeypox virus is divided into Congo Basin and West African strains. The virulence and pathophysiology of two strains, Zr-599 (a Congo Basin monkeypox virus) and Liberia (a West African monkeypox virus), were evaluated in non-human primates. Four monkeys were infected by the subcutaneous (SC) and two by the intranasal (IN) inoculation routes for Zr-599 and Liberia at a dose of 10 6 p.f.u. One monkey in the Liberia/SC group was demonstrated to be co-infected with Gram-positive cocci and was excluded from analyses. Infections in three of the four Zr-599/ SC monkeys and in one of the three Liberia/SC monkeys were fatal. Virus genome levels in blood in the Zr-599/SC monkeys were approximately 10 times higher than those in the Liberia/SC monkeys. Zr-599 affected respiratory, genito-urinary and gastrointestinal tract organs more severely than Liberia. Zr-599 was more virulent than Liberia and one of the factors might be the difference in organ tropism.
The species Monkeypox virus belongs to the genus Orthopoxvirus, family Poxviridae. Monkeypox viruses cause human monkeypox in humans inhabiting the rainforests of central and western Africa (Arita et al., 1985; Damon, 2007; Heymann et al., 1998) . Wild rodents (Funiscius anerythrus and Helioscirus rufobrachium) were implicated as the most probable reservoir . Human monkeypox is endemic to central and western Africa (Khodakevich et al., 1988 ). An outbreak of human monkeypox was reported in the Democratic Republic of Congo (DRC) (Khodakevich et al., 1988; Learned et al., 2005; Mukinda et al., 1997) . Human monkeypox outbreaks outside Africa were first reported in the USA in 2003 (Di Giulio & Eckburg, 2004 Guarner et al., 2004; Reed et al., 2004) . In that outbreak, patients acquired the virus from prairie dogs (Cynomys spp.) that became ill after contact with various exotic rodents shipped from Ghana, Africa (Reed et al., 2004) .
Two clades of monkeypox virus exist: West African and Congo Basin monkeypox virus (Likos et al., 2005) . Human and monkey disease virulence differs between Congo Basin and West African strains, the former being more virulent in non-human primates (Chen et al., 2005) . The clinical manifestations of human monkeypox are reported to be similar to those of smallpox (Arita et al., 1985; Breman et al., 1977 Breman et al., , 1980 Foster et al., 1972; Janseghers et al., 1984; Stagles et al., 1985) . This study describes the clinical manifestations and laboratory and pathological findings in cynomolgus monkeys infected with Congo Basin or West African monkeypox virus. The virulence of Congo Basin and West African monkeypox virus was compared. Furthermore, the pathophysiological mechanisms behind the difference in virulence between these two monkeypox viruses were elucidated.
Monkeypox virus strains Zr-599 (a representative Congo Basin strain) and Liberia (a representative West African strain) were used. Zr-599, isolated from a patient in the DRC, and Liberia, isolated from a patient with human monkeypox in Liberia, were assigned to the Congo Basin and the West African clades, respectively, according to Atype inclusion body gene sequence (Likos et al., 2005) . Virus solution for challenge experiments was prepared by disruption of Vero E6 cells infected with each monkeypox virus strain in a sonicator (TITEC Ultra S Homogenizer UP-5) for 30 s at full power, followed by high-speed centrifugation (3500 r.p.m. for 5 min at 4 u C). The infectious dose of the virus was determined by plaque assay.
Twelve cynomolgus monkeys (Macaca fascicularis) were used (see Supplementary Table S1 , available in JGV Online). They were classified into four groups: Zr-599/SC, Liberia/SC, Zr-599/IN and Liberia/IN. Monkeys # 4651 and # 4653 (Zr-599/SC) and # 4595 and # 4596 (Liberia/IN) were used in a previous study in which the efficacy of a smallpox vaccine, LC16m8, was evaluated (Saijo et al., 2006) . Other monkeys were also used as control subjects in the study for the evaluation of LC16m8 efficacy. A monkey in the Liberia/SC group ( # 4567) died on day 10 post-inoculation. This subject was demonstrated to be co-infected with Gram-positive cocci and was excluded from further analyses.
Complete blood-cell counts in peripheral blood collected in sodium heparinized tubes were measured. C-reactive protein (CRP) was measured as an indicator of inflammation level.
Vaccinia virus-specific antibody levels were measured by ELISA using the entire suite of vaccinia virus proteins as antigens, as reported previously (Morikawa et al., 2005; Saijo et al., 2006) . Although the IgG response in monkeys # 4651 and # 4653 from the Zr-599/SC group and # 4595 and # 4596 from the Liberia/IN group had already been determined as reported previously (Saijo et al., 2006) , the IgG response in all of the monkeys, including the four previously tested monkeys, was determined simultaneously. Virus genome levels were determined by a quantitative real-time PCR (qPCR) method as reported previously (Saijo et al., 2006 (Saijo et al., , 2008 . Although the virus genome level in monkeys #4651 and #4653 from the Zr-599/SC group and #4595 and #4596 from the Liberia/IN group had already been determined in a previous study (Saijo et al., 2006) , the virus genome level in the peripheral total blood of all of the monkeys, including the four previously tested monkeys, was determined simultaneously. All challenge experiments were conducted in a highly contained laboratory in which a glovebox class III safety cabinet was installed. The monkeys were anaesthetized and inoculated intranasally (IN) with 0.5 ml virus solution containing 1610 6 p.f.u. Zr-599 or Liberia by using an atomizer (Keytron Co.) to atomize the virus solution, or inoculated subcutaneously (SC) with 0.5 ml virus solution containing 1610 6 p.f.u. Zr-599 or Liberia. After the challenge, blood was drawn every 2-4 days. Clinical manifestations, such as volume of food and water consumed, appearance of faeces, etc., were observed every day. The skin surface was observed carefully, and body (anal) temperature and mass were measured.
After sacrifice under anaesthesia, skin, lymphoreticular system structures (lymph nodes, spleen, thymus, pharynx and tonsils), gastrointestinal tract organs (including the liver and pancreas), genito-urinary tract organs (kidneys, bladder, testes, ovaries and uterus), endocrine organs (adrenal glands and thyroid), respiratory tract organs (trachea and lungs), the heart as the cardiovascular organ, and central nervous system (CNS) organs (brain and spinal cord) were excised, fixed in 10 % formalin in PBS and embedded in paraffin. They were then examined for micropathology and the presence of monkeypox virus antigens by immunohistochemical analyses as reported previously (Nagata et al., 2001 (Nagata et al., , 2002 Saijo et al., 2006) .
Infections in three of the four Zr-599/SC monkeys and one of the three Liberia/SC monkeys were fatal, whereas all Zr-599/IN and Liberia/IN monkeys survived (see Supplementary Table S1 , available in JGV Online). In Zr-599/SC monkeys, body mass decreased sharply by 10-20 % after challenge without any sign of recovery except for one subject that survived, whereas body mass in Liberia/SC monkeys decreased less sharply. There was a tendency for body temperature to rise for the first week after virus inoculation in all groups (see Supplementary Fig. S1 , available in JGV Online).
Papulovesicular rashes appeared on days 7-9 after monkeypox virus inoculation. The general condition of the monkeypox virus-infected monkeys deteriorated and their activity decreased from day 6 to day 11 post-inoculation. The mean number of papulovesicular lesions in the Zr-599-infected monkeys (n5369) was higher than that in the Liberia-infected monkeys (n5226) (Supplementary Table  S1 ). Skin and gross lesions in the internal organs in a Zr-599-infected subject (#4653) and a Liberia-infected subject ( # 4625) on day 18 post-inoculation are shown in Fig. 1 . Both subjects were sacrificed because of severe symptoms on day 18 post-inoculation. The papulovesicular lesions demonstrated in both monkeys were morphologically similar. Lymph nodes and thymus in both subjects were affected. The most significant differences were that gross lesions with a granulomatous appearance were demonstrated in the gastrointestinal tract organs, such as stomach, small intestine and colon, in the Zr-599-infected monkey, but not in the Liberia-infected monkey (Fig. 1) . The peritoneal membrane of the Zr-599-infected subject (#4653) became thickened and had granulomatous lesions, whereas that of the Liberia-infected subject (#4625) was intact. In Zr-599/IN monkeys, one (#4654) showed severe monkeypox-associated symptoms and the other (#4655) showed very mild symptoms. In the Liberia/IN monkeys, the symptoms were relatively mild and of short duration, with only a small number of papulovesicular lesions. The Zr-599-induced ulcerative lesions were still exudative on day 18, whereas the Liberia-induced lesions were dried and covered with scar tissues (Fig. 1) . The Zr-599-induced ulcerative lesions seemed to be more severe than the Liberia-induced lesions.
There was a statistically significant difference in virus genome levels as determined by qPCR between Zr-599-infected and Liberia-infected monkeys (see Supplementary  Table S2 , available in JGV Online), the highest level assessed in combinations of SC and IN group monkeys (Student's t-test, P50.03) and the mean virus genome level per day in the first 14 days in IN group monkeys (Student's t-test, P50.02). All indices in Zr-599-infected monkeys were approximately 10 times higher than those in Liberiainfected monkeys.
There was a significant difference in the IgG response between the Zr-599-infected and Liberia-infected monkeys ( Supplementary Fig. S1 ). In five of the six Zr-599-infected monkeys, an obvious IgG response was demonstrated even on day 10 post-inoculation, whereas the IgG ELISA was negative in all Liberia-infected monkeys except one on day 10. The IgG response was detected 2-3 days earlier in the Zr-599-infected monkeys than in the Liberia-infected monkeys.
The data on monkeypox virus antigen distribution indicated that Zr-599 infected the organs of the respiratory tract, gastrointestinal tract, lymphoid and reticuloendothelial systems, genito-urinary tract and skin, but not the CNS, and that Liberia mainly infected the lymphoid and reticuloendothelial systems and skin (Table 1) . Micrographs of immunoperoxidase-stained tissue sections of Zr-599/SC monkeys are available in Supplementary Fig.  S2 (in JGV Online).
To compare the severity of monkeypox-associated symptoms, a scoring system was developed and used in this study. The score is composed of two categories: items associated with clinical symptoms and those associated with laboratory findings. The following variables were recorded: decrease in body mass, duration of decreased activity with ill appearance, duration of decreased food consumption (,75 %), body temperature (fever and lower temperature), diarrhoea with/without blood contamination, number of papulovesicular lesions except for the lesions associated with the challenge virus inoculation, outcome, virus genome level (maximum value during the course of observation and the final value when the observation finished), total peripheral blood-cell counts (increased and/or decreased numbers of white blood cells, decreased number of platelets, haemoglobin level) and CRP level. The points for each item are shown in Table 2 . It is indicated that the higher the score, the more severe the monkeypox. The mean severity point of monkeypox caused by Zr-599, 25.2, was higher than that caused by Liberia, 17.0. When the same analysis was conducted based on points of the subjects that were infected with virus through the SC route, the mean point of the Zr-599/SC group, 30.0, was higher than that of the Liberia/SC group, Table 2 ). The mean point of the Zr-599/IN group, 15.5, was also higher than that of the Liberia/IN group, 11.5.
(
The pathology of experimental monkeypox virus infections in non-human primates infected with isolate V79-I-005, which was originally obtained from a fatally infected human from Zaire in 1979, through the respiratory route was reported previously (Zaucha et al., 2001) . However, the pathology in monkeys infected with monkeypox virus West African strain has not been studied. Monkeypox-associated gross lesions were demonstrated in the following organs: respiratory system, skin, oral cavity, gastrointestinal tract and lymphoid systems. The pathological findings observed in monkeys infected with the Zr-599 strain were similar to those observed in the previous study (Zaucha et al., 2001) . The value of the present study is that the pathology of both Congo Basin and West African monkeypox viruses has been investigated. Differences were observed in fatality rate, severity of monkeypox-associated symptoms, virus genome level and the organs affected. Zr-599 replicated in skin, lymphoid and reticuloendothelial systems, genito-urinary tract organs, respiratory tract organs and gastrointestinal tract organs, whereas Liberia replicated only in the skin, lymphoid and reticuloendothelial systems of the monkeys (Table 1) . Whilst the lung of a Zr-599/SC-infected monkey was entirely and diffusely affected by the infection (Supplementary Fig. S2 ), the lung of a Liberia/SC-infected monkey was histopathologically intact (data not shown). Haemorrhagic diarrhoea was observed only in the Zr-599-infected monkeys. These results suggest that the respiratory and gastrointestinal functions were more severely impaired in the Zr-599-infected monkeys than in the Liberiainfected monkeys.
The difference in the level and course of virus genome detection was consistent with the difference in the pathological findings. Zr-599 replicated more efficiently in the internal organs than did Liberia ( Fig. 1 ; Table 1 ). The higher level of virus genome detected in the later phase of infection in the Zr-599/SC monkeys might be due to the more efficient replication of Zr-599, particularly in the generalized lymphoid and reticuloendothelial systems, skin, genito-urinary tract organs, respiratory organs and gastrointestinal organs, than that of Liberia in these organs. This feature of Zr-599 might lead to multi-organ failure with malfunctions of respiratory, gastrointestinal and genito-urinary tract organs, resulting in stronger virulence of Zr-599 than of Liberia in non-human primates.
It is believed that Congo Basin strains are more virulent than West African strains in humans, based on clinical studies (Breman et al., 1980; Foster et al., 1972; Ladnyj et al., 1972) . Recently, it was reported that a Congo Basin strain, Zr79, which was isolated from a fatal case of monkeypox in Zaire in 1979, was more virulent than the West African strain US03, which was isolated from a nonfatal case of monkeypox in the USA in 2003, using a ground squirrel model for monkeypox virus infection (Sbrana et al., 2007) . The clinical course and virological and pathophysiological features of monkeypox virus infections in non-human primates obtained in this study were different from those reported in the ground squirrel model (Sbrana et al., 2007; Tesh et al., 2004) . Monkeypox virus infections in non-human primates resemble human monkeypox in terms of pathophysiological profile, making the present study of particular value.
The genetic and molecular mechanism(s) underlying the differences in pathogenesis between Congo Basin and West African strains should be clarified through further studies. It was reported that D10L, D14L, B10R, B14R and B19R were possibly responsible genes, with D14L, an orthologue of vaccina complement protein, as a leading candidate and with D10L and B19R as less likely candidates (Chen et al., 2005) . Although the data are not shown here, the D14L gene was confirmed to be absent in the Liberia strain, as in the case of an West African strain, SL-70 (Chen et al., 2005) .
In conclusion, it was demonstrated that Zr-599, a Congo Basin strain, was more virulent than Liberia, a West African strain. The difference in virulence might be due to the difference in the sites of virus replication resulting in organ dysfunction: Zr-599 replicated in skin, lymphoid and reticuloendothelial systems, genito-urinary tract organs, respiratory organs and gastrointestinal organs, whereas Liberia replicated only in skin, lymphoid and reticuloendothelial systems. 
